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Abstract: In this paper is considered the p roblem how to achieve 
a specific dynamic behavior of robot end-point from the aspect of 
impedance coutrol aml actuatiou redundam:y. The target impedance 
is analytically formulated. Due to its complexity, analytical formu
lation is not suitable for real- time applicatiou. To overcome this 
p roblem, a simple fu:-~:-~y model of isotropic impedance iu the form of 
adapt ive fu:-~:-~y network is propo::;ed. This model is incorporated in 
the geueral form of impedance control b w, so that a new fu:-~:-~y
impedanc:e wntrol law is ol>taiued. Verificatiou of the proposed 
control law is provided by computer simulation, tak ing as example 
2-d.o . f. manipulating robot. 

Keyword s : adaptive fu:-~:-~y network, ht:-~:-~y dynam ic model, inipe
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Introduction 

Control of dynatnic: behavio r of manipulating robots is oue of the most challeng
ing problems in designing intelligent robotic systems. For any given application , 
mauipula t iug robot should be able to provide corresponding dynamic behavior. 
In the ca.•.;e of robotic a.<.;sembly, isotropic behavior is found to be one of the 
most important Inec:hauic:al properties of the li ianipnlating robot . Mecha nical 
isotropy means a collinearity of the contact force vector and the vector of cor
responding movements of parts to be a.sseJ11bled. If isotropy exists dose to the 
tip of the peg, irregulari ties as jannuiug awl wedging will not ocu1r \ iVhitney, 
(1982). In t he following text the control of dynamic behavior of manipnla.t iug 
rol.Jots will he considered throngb the problmn of producing wedmuical isotropy 
of robot cnd-poiut . 

Gellerally, there arc two different cmtccp ts to achieve isotropic: beltavior o f 
manipulating; robots. T he firs t one is l>ased on special devices w!tic!t may be 
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Coriolis ami gravitational tenus, T is the vector of joiut torques, .J( fJ) is the 
Jacobean matri.x, and F is t lw vector of external force imposed at robot. cud
point. Applying- duality prill(:iple I-Iogau (1!J8.J), the target iwpcdancc of the 
cutin : robot - cnvironlllcut system should be of the second order: 

(2) 

where fl.1, IJ a!HI ](arc the taq~ct iuertialltlatrix, dampiug- umtrix aud st.iff11ess 
nratrix expressed in Cartesian coordiuat<!S. Snperimposiug (1) aJl(l (2), leads to 
the illlpcdancc control law iu Lhc Cartcsinu coonliuatc fralllc: 

(0) 

where: pG is the gcueralizcd actnatiou force vector (fictitions actuator placed 
at. the robot cud-point), G(q) is l.lw generalized incrtialumtrix in respect of the 
robot cud-point (effective llliL.'iS, described in Asada and Ogawa (1!J87), hG(fJ, q) 
is the gcncra.Jizcd vector of !lOll linear fuucl.ions, <tll(l E(q, 1.) = X - Xp is the 
error function where subscript p dcuot<'s the prescribed (prog-n1.111111ed) values. 

2.2. Isotropic target impedance 

Essentially, isotropy <:OlliJOI.<•s equal properties iu a ll directions. Paradig111s of 
isot ropy arc Platonic solids. The cube, as a rigid body of uniform dcusity, is 
one of Platonic solid:->. If we excite snch a cnbe to rotate about a ccr taiu axis iu 
space, the body will coutiuuc rotat.iug abou t the smuc axis aud no 1110tiou will 
arise abont other oues. Isotropy 111a.y he also at.Lrilmtcd to multi-d.o.f. (degrees 
of freadom) mauipnlat iug robots iu kiuct osta.Lic se use, if sm:h stmctmes a.re 
rccog-uized as black-box that tnmsforl!ls the cxtcnml cxcita.tiou, actiug 011 robot 
cud-point (cxcitatiou poiut), ill iutcnmljoint.s torq1 ws of robot kili<'II!Htic cl t<-1ill , 
resn lt. iug iu A Sllpcrposcd corrcspoudiug- liiOVCJllCllt of robot. <:]1(1-poiut. Augd<:s 
( 1 !)!).J). 

Tlw problem of isotropic hclmvior of 1nauipnlatiug- robots is discnss<·d iu 
Angeles ( l!J!JG), where qna.-;i-st.a t.ic and kincnta.t.ic" isotropv are iclcutificd. To 
achieve isotropic behavior of robot <'lld-poiut we propose t.he followiug target. 
ill1pcdauce parameters Pctrovi{: and :\•fil a<:i{: (l!J!JG): 

M= .J- T(q)IJ(q).J- 1(q) = G(q) , 

IJ2 - 4!{ ]IJ = () , 

J( = diag [kT,I.:r,l.~r,l.:u , l.:n,k/1] 

Tlwse panunct.crs arc derived fro111 cousidcrntious dcscrilH!d below. 

( tl ) 

(.J) 

(G) 

For the robot iu rest (zero cud-point velocity) , the following an: satisfied: 
E = con:;t.--> E = 0, X= 0, aud ilc (q , rj), so that the coutrollaw (J) I><'<:OII!Cs: 

pc = -G(q)M- 1 J.: E + C:(q )M- 1 F- F . (7) 
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Figure 1. Mechanical actuat ion redundancy for 2-d .o.f. robot ann defined by 
Eq. (11). 

3. Fuzzy model of isotropic target impedance 

Irnpcdauce coutrol law (3) is h <J.o;;cd on the uJanipnlat ing robot dyuamic IJJOdcl 
which is highly non-linear secoml o rder model. The dynamic phenomena whid1 
follow coustraiued motion, rcqnirc slwrt sampling time in digital control syst~!m, 
approximately 1 tus or less . This reqnircment is di!:iproportioiJal to uccessary 
calculations and hard to rcali~c in practice. To solve this problem, the fn~<~Y set 
theory aud Rpproximatc rc<J.<-;Oilillg arc nscd for Jllodcli11g isotropic impedam:e 
(4), (5) , and (G), in more efficient way thaiJ the aiJalytical one. 

Fu<~zy model of isotropic tR.rgd impedance should he fnzzy dy11amic formal 
structure with 'Il l. iuputl:i aud n outpnt.s, whicl1 Juapl:i input vector X = X(t;), 
X<.Rm.xl into output vector Y = Y(t) , YERnxl \ iVith regard to: q = q(t), 
f]ERnxl, 7) = 7)(t), 7)f.Rn xl, i] = i](t), i]f:Rnxl and' F = F(t), FEflneXl lllllnber 
of inputs is Tn. = 3n +ne ( n denotes the untubcr of actuated joiuts while ne is 
environment dimc11sion). 

Functional relationships to be represented by t lw fnz<~y model arc complex 
a11d highly nonliuear, so learniug time may geuerally become extremely long. 
Part of difficu lty ari::;e::; from si<~e of ::;ample training ::;pace. Let's consider another 
simple case of 2-d .o.f. SCARA robot arm. If, for example, k = 10 samples a rc 
required in each dimeusiou, the total JHuuber of required traiuing samples would 
be N = k4" = 108 T he nmnber of required samples becomes astronomically 
large for G-d .o.f. manipulating robot arm. It is dearly umealistic. 

The context scn::;itive fu~zy model represent::; one pos::;iblc answer to thi::; 
problem. Isotropic target impcdaucc may be decomposed into a large munbcr 
of low order subsystems. These subsystem::; require a small number of training 
samples and reduce couvcrgencc time. 

-·----------------------------------------------------------------------------------------------
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Fig;HH! 2. Primary decomposition of isotropic target impedance ou three suh
ulOdcls. 

The other vector f11uctious P 2 (q, etn.) ;111([ Q(q, F) Inay he expressed ou the Sil.IIIC 

w;:ty. 

3.2. Adaptive fuzzy n1.odel 

Mittrix elements may be 1110dcled hy itdaptivc f1tzzy network ANFIS J aug (lDDJ) 
(Fig. J). This adap tive fuzq uctwork is of feed forward type all< I cow;ists of 
square and circle nodes, placed in fiv<' lR.yers. Liuks hctweeu uodes iudic;:tl.e !.he 
flow direct.iou of siguals only aud 110 W<!igl JI.s ;'l.re associated witl1 liuks. Sqm1.n: 
nodes have parameters and they arc <tdaptive, while circle uodcs a rc fixed aud 
t hey perform ba._<;ic fHJl(:t iow; of Sugcuo-Takagi f11ZZ.Y iufcrcnce Sugcuo a.ud Kaug 
(1088) . To ru:hicve the required iupl!t-ontpHt umppiug, t he para111cter set of au 
a.daptive network is updated accordi11g to the given traiuiug; dat.a aud adopt.ccl 
leamiug a lgori thm. 

The adaptive network (Fig. 0) works as the first order Sugeuo-Takag;i fnzzy 
d~'llalllic structure with iufctTJl(:(' iu for111 of generalized modus poueus: 

if (q1 is iP)and (q2 is .IF) t h enl'1 (i.,j)=n.q1 +!Jq2+c, (ID) 
-1 -? 

where: A and A~ arc tlw fuzzy sets of Rlll.cccdcul.s (fnzzy labels) , q1 aud IJ2 arc 
the input crisp variables, f 1 (i,j) is t.he out. put variable and a, b aud c a rc the 
conscqucut panunctcrs. The couscqucut va.ri<thlcs <tl"l! fuzzy siugleton sets whose 
sing;ld.ou o11 tp11t spikes may walk arouud tlw o11tpnt space, iu depcudcnce 011 
t.lw crisp .inpnt. values. This fnzzy dyllR.II Iic stmctnrc has hig;h rcprcse11tative 
capahilil.ic~ .:tll(l coniplltntiollnl dficicllcy, wli icii i;; of pa.rt.ic11la.r illtportnu("C to 
t.IH· prohlc!II iu baud . 
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Figme 4. Adaptive fu:t:ty network which rcpre::;cnts the fi rst clen1eut of vector 
function P 1 

( q, ij) according to the adopted secoudary decomposit ion of isotropic 
t;:~rget impedance. 

4. Simulation example 

To verif.y the proposed fu:tzy-impedauce control law, computer simulation was 
performed in l\11ATLAI3 SIMULINK euviromneut with the additional FUZZY 
toolbox. Simple 2-d.o.f. SCARA robot in ltori:tontal plane was used as an 
example. For simplicity, all mass exists a..-; a point mass at the tlistal end of 
each link. Dyuamic equations of this robot may be found in Craig (198G). 
Lengths of the robot liuks satisfy pa..c.;sivc i::;ot ropy condition ld l2 = ,J2j 2 giveu 
in I3omricrcs, J eanuier and Lhote (1D84) . 

As example, Fig. 4 show::; four clclliClltS of matrix fn nction r 1 which are 
defined by equation ( lG) . All matrix cl em cuts a rc nonliuear fuuctious of the 
robot generalized coordinates. 

Joint angles arc adopted a..c.; antecedent li11guistic variai>l<'~'i with the uautes 
'q1 ' and 'q2 '. The term sets of aut.ecedent variables arc ba..c.;ed on the nuiform 
grid partition of the inpnt space on three fn:tzy vahtes only: 

T(q1 ) ={'Left;', 'CP;nter ' ,'Right '} 

T(q2) = {' Snwll' , '!vi edimn ', 'Ln.rge '}. (20) 

Two types of utembcrship fum:tion::; a.re nscd for a.ntcecdcnt fu:tzy ::;cts: liuca.r, 
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R1 : if (q1 is Left) and (q z is Small) then (f 1(1, 1) is f'(l , l ) _l ) 
R2 : if (q1 is Left;) and (q2 is A!erliwn) t h e n (f 1 (1, 1) is f(l, 1)-2) 
R;J: if (r/1 is Le.fi.) and (r/2 is Lnrge) then (f1 (1, 1) is r(1 , 1)_3) 
R4 : if (q1 is Cente·r) and (rn is Snw.!l ) then (f 1 (1, 1) is r(1, 1)_4) 
Rs : if (qJ is Center) and (q2 is M edi:wn) the n (f 1 (1, 1) is f (1, 1)_5) 
R6: if (q1 is Ceni.er·) and (q2 is Lo.rge) then (f1(1, 1) is f (1, 1)_6) 
R7: if (ql is Right) and (c/2 is Small) then (f 1 (1, 1) is f (1, 1)_7) 
Rs: if (q, is Right) a nd (r/2 is Medium.) then (1~1 ( 1, 1) is f(1, 1)_8) 
Ro: if (q1 is Right) a nd (r12 is Lm·ge) then (f1(1, 1) is r(1, 1)_9) 
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Idcntificatiou of 45 parameters is uccdcd to model each mntrix clcJ IIC!lt . 
Isotropic f11:6:6y-im pcclaucc I node! for SCAR A rohot have 12 Sngcuo-Tnlmgi fm1:0y 
uwdcls of Iwtf.rix clcit tcut.s, giviug a t.otalll! IIlthcr of 540 parameters . Tlw set of 
400 i/o data pairs for c<tch Jual.rix cle!lleut is nscd for traiuiug the cor]"( ~spoud

iug fu:.~zy uctwork. Fig. G shows iuitial all( ! optil tt izcd uouliucar IIIellihcrsbip 
f~tuctions after 100 training cpoc!Is for JIIil l.rix clcuteut f/

1
,
1

) . 

For the same liJat rix clcJllcnt, Llw error couvcrgcncc graph is sltowu 011 Fig. 7. 
Tl1c fonu of autecedeut wcinherslJip f~tuctious l1as nu iiuport <'l.ut role . Tlw fn:.~zy 
II!Odcl with uonlincar lllCIII hcrsl1ip fttucl.ious ( nonliucnr fti >IZY Juodcl) lws het tcr 
representative capabilities aud Cllit.bles faster learning. Rela.l.ivc RMS <~rror of 
val~tc 0.04 is obtained after 300 epochs of tr::tining . T lmt lJlay he accepted a.c; a 
very good approxiliiil.tiou, especially if a ro ttgh input space p::trtitiou on three 
fllZIIY V<'l.)ncs is cousidcred. 

The CJ.lmlity of the proposed isotropic fiiZZ.v-impcdalH:e coutrol liHI.Y he easily 
tested by sin1plc siuml::tbou ex]wri111eut. The liH"t.llipulatiug robot has a prede
fiued fixed postnrc iu working space, ddiucd by r]j,(-1.) = 'h,(lo), a1Hll1o u iOtiou of 
robot eud-poiut is progn"l.llllned. The robot <~xcitabon is performed by extemal 
force iJIIpnlsc npplicd 011 the robot cud-poi11L. T he force illlpnlsc is a k11owu 
fnw:tiou of time F = F(t) , with sp<'cificd actiug; dircdiou and wi th 1111it iiiL<nl
si ty. T he force impulse dnmtiou is dwscu to be 200 ms. T h is experiment is a 
V<~ry good approximatiou of real situa.t ions whid1 lmppeu iu part IIJat iug p rocess . 
Also, cxcitaLion is basically dyu::tl ll ic, wl1ich is i1nportaut for analysis of iufill
ciiCC of ta rget. impcdm1ce paral!lders 011 dyu::tlii ical lH~Imvior of Illauiptt!atiug 
robot arm. 

Fig. 8 shows the robot ewl-poiut response iu the ca.c;e of rectangular fonn of 
imp nlse force cxcitatio11 for robot post me ddiu<~d by q = [0, 7!" / 12jT <'1.11<1 fore<~ 
act.iug auglc (-J = 7l" /2 . Despite tlw fact t hat the clwseu robot postnre is very 
close to the robot 0 11ter siugnlarity, with p rescw:e of robot l 1ighl~r uouliuea.r 
dyuawics, control syst<~tll is sl.ahlc ctlld workiug very well. F ig. 0 slwws robot 
f~ud-poiut displ<'l.ceniCnt for fom characLerisl.ic excitat ion nugks for the S<U lJC 
robot postnre a1Hl iu tpnlsc shape. 

The best way to get i11sight of !.he quality of proposed isotropic ftt:.~zy

iwpedauce coutrol is the CO'lnpli a.nr;e 'lfl. ap showu iu the Fig. 10. The cmu pliauce 
l!J<tp rcprcse11ts the u Jiscoliucmity a.JJglc m; a [J tucl.iou of rohuL p ostnrc defined 
by generalized coordinate IJ2 a11d the excitat.iou force augl <~ (1 . As it showu 
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Figure 7. RVIS error c:onvcrgcncc and learul'd surf<~ce for matrix clement r~1 ,l). 
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